Multi-criteria Assessment of an Acrylic Coating Exposed to Natural and Artificial Weathering  by Kozak, Aleksander
 Procedia Engineering  108 ( 2015 )  664 – 672 
1877-7058 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of the 7th Scientific-Technical Conference Material Problems in Civil Engineering
doi: 10.1016/j.proeng.2015.06.197 
ScienceDirect
Available online at www.sciencedirect.com
7th Scientific-Technical Conference Material Problems in Civil Engineering (MATBUD’2015) 
Multi-criteria assessment of an acrylic coating exposed to natural 
and artificial weathering 
Aleksander Kozaka,* 
aCracow University of Technology, Warszawska 24, 31-155 Kraków, Poland 
Abstract 
The paper presents an assessment of durability of an acrylic coating weathered both under natural and artificial conditions. The 
effect of various degradation factors on service life of the material has been presented. The material in question is used to 
protect concrete against carbonation. Some diagnostic instruments, such as FTIR analysis, Scanning Electron Microscopy 
(SEM) and examination of barrier properties and adherence to the concrete substrate, have been used to determine the 
weathering rate of the material. 
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1. Introduction 
Reinforced concrete structures are subjected during service to a wide range of environmental conditions. 
Currently, EN 206:2014 [1] describes some exposures classes, which are to help to design concrete taking into 
account its durability. The guidelines give some important information on the water-cement ratio, the minimum 
mass of cement, the thickness of concrete cover etc. which should be used to ensure a long service life of the 
structure depending on location, contamination of the atmosphere and the action of aggressive gaseous and liquid 
media. Nevertheless, it turns out that structural protection is often not good enough and an additional protective 
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agent is needed. Carbonation or chloride attack are frequently responsible for concrete and/or steel corrosion. A 
common method to prolong service life of structures is application of polymeric coatings. One of the most often 
used coatings is an acrylic one based on methacrylic resins. They are used either as elastic or rigid materials. In 
order to ensure appropriate exterior protection of concrete, the coatings ought to exhibit the following properties: 
x high resistance to carbon dioxide and, simultaneously, good permeability to water vapour, 
x resistance to alkaline concrete substrate; 
x good adherence to concrete; 
x high flexibility, 
x crack-bridging ability, 
x good resistance to colour retention; 
x high resistance to ageing, 
x adequate elastic/ fatigue resistance, 
x abrasion resistance, 
x appropriate durability; Smith [2], Bassi and Roy [3], Harwood [4], Swamy and Takinawa [5], Thomas [6]. 
 
Acrylic-based polymers are known for quite good resistance to moderate alkalis, but fresh concrete has a very 
high pH value. Hence, the materials should be applied onto concrete which is at least one month old. Acrylic 
polymers also exhibit high adherence to concrete, but, nevertheless, prior to applying a layer of polymer the 
concrete surface and/or an old coating should be cleaned by sanding or with water under high pressure. Polymeric 
coatings used for protection of structures should fulfill certain requirements concerning the diffusion equivalent air 
layer thickness Sd [m], Zafeiropoulou [7], which equals the diffusion resistance of coating. In the case of Sd for 
CO2 , the minimum value for giving concrete adequate protection against carbonation is 50 meters. As far as Sd for 
H2O is concerned, it should be less than 5 meters for breathable coatings (Class 1) to allow water vapour to escape 
from concrete, Bassi and Roy [3], Harwood [4], EN 1504-2 [8]. Another key feature is resistance to weathering. 
The coating has to be durable under natural conditions and thus ensure long service life in order to lower the  
structure’s maintenance cost. The most adverse factor, which is responsible for cleavage of the chemical bonds 
present in polymers, is ultraviolet light. Moreover, the action of moisture and changes in temperature are also very 
unfavourable. Elevated temperature is especially adverse, since it accelerates photochemical reactions. 
Atmospheric contamination, i.e. the presence of sulphur and nitrogen oxides in the air, also plays a very important 
role in coating degradation. Furthermore, both heavy rain and hail can destroy coating mechanically. In some 
structures, such as municipal sewage treatment plants, the action of microorganisms is very severe, Mussa et al. [9], 
Wypych [10]. In some cases the factors mentioned above occur simultaneously, which leads to fast degradation of 
the coating and makes the process very complex. Apart from the barrier properties mentioned above, protective 
layers have to fulfill the requirement concerning adherence to the concrete substrate, which should be higher than 
0.8 MPaEN 1504-9 [11]. 
2. Materials and methods 
The subject of examination was an acrylic coating based on methacrylic resin, which was used as a protective 
coating for concrete against aggressive atmospheric conditions and carbonation. The tested coating was either  
applied onto concrete or studied in  the form of foils. The coating was subjected to weathering under natural and 
artificial conditions. The natural weathering was carried out in two different environments. The first one was an 
urban environment (Cracow), which was characterized by highly contaminated atmosphere and acid rains. The 
second environment was a mountainous region (the Tatras), situated around 1000 m above the sea level. The 
location was characterized by a high level of UV radiation and absence of industry. These two different 
environments were chosen in order to  find which one of them would have more adverse influence on the coating 
durability. The third series of samples were aged in a weathering chamber in compliance with ASTM G 154a [12] 
for 126 cycles. One weathering cycle consisted of irradiation with the use of UV lamps at 60±30C for 6h and then 
sprinkling with distilled water at 40±30C for 2 h. The total time of the accelerated weathering was 1008 h (6 
weeks). The weathering cycles started with the UV phase, as suggested by Aragon and Frizzi [13]. The radiation 
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range was from 295nm to 400nm, which corresponded to UVA+B. The radiation intensity was 40±2 W/m2 
(measured with a Solarmeter), which was close to the one recorded on a very sunny summer day in Cracow. The 
permeability to carbon dioxide was determined using the RILEM-Cembureau method [14]. The measurements 
were carried out with the use of the apparatus presented in Fig.1. Cylindrical concrete samples 150 mm in diameter 
and 50mm thick were used in all tests. Prior to the tests, the coatings were applied onto the concrete substrates and 
seasoned. 
 
 
Fig. 1. Schematic presentation of the apparatus used in the Cembureau method [8]. 
Water vapour permeability was determined using coatings in the form of foils. The tests were done according to 
ASTM E-96 [15]. The study of the mechanical properties of the coatings included tests of adherence to the concrete 
substrate performed according to EN 1542:1999 [16]. Adherence was determined with the use of a Dyna 715 
device. The photochemical degradation of the coating was investigated using the infrared ATR-FTIR technique. 
The technique allowed obtaining spectra from the surface of the samples which were exposed to weathering. FT-IR 
spectra were recorded using a Nicolet iS10 spectrometer. SEM analysis was done using a Zeiss EVO MA10 
microscope. 
3. Results and discussion 
3.1. Carbon dioxide permeability 
The initial samples turned out to be impermeable to carbon dioxide under the test conditions. Five out of six 
specimens weathered for one year in the Tatras did not show any gas flow. The sixth sample had Sd for CO2 equal 
to 7.1m. The samples aged in Cracow showed a higher diversity of permeability changes. Four of them were 
completely tight, whereas two showed a clear increase in permeability to CO2. Weathering in the chamber showed 
that the barrier properties of the material decreased quite rapidly in the aging process. After 2 weeks of weathering, 
one of the samples no longer fulfilled the requirements mentioned above and its Sd for CO2 was only 19.7. The 
value was close to the values obtained after one year of natural weathering both in the Tatras and in Cracow. The 
information could be useful for predicting the service life of materials used in natural conditions. After around 
three weeks of aging, formation of some blisters was observed resulting from the cyclic wetting and drying. Then 
the blisters started to break. Fig. 2 shows a few blisters and the concrete which was no longer protected by the 
coating due to the breaking of one of the blisters. It appears that the material should not be used in a climate 
characterized by a high variability of humidity levels and frequent changes in temperature. Studies of an epoxy 
coating, which were done under the same conditions Kozak [17], showed that the material had undergone fast 
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degradation. Weathering led to an increase in the coating stiffness and the loss of protective properties for concrete. 
It appears that, regardless of the resin used, coatings should contain some plasticizers in order to improve their 
flexibility and some advanced radical scavengers to limit photochemical reactions and improve the resistance to 
weathering. Further weathering (up to 126 cycles) led to a radical decline of the barrier properties, which fell much 
below the accepted values. The test results are shown in Table 1. Only one sample out of six fulfilled the 
appropriate requirements.  
 
 
Fig. 2 Formation of blisters and their breaking. 
Table 1. Carbon dioxide permeability of acrylic coatings before and after weathering in the chamber. 
System Sample 
number 
Flux density 
[kg/m2.s] 
Sd for CO2[m] 
substrate + initial coating 1-6 0 - 
substrate + coating/the Tatras 1-5 0 - 
6 4.12E-06 7.1 
substrate +coating/Cracow 1 7.20E-08 374.8 
2 4.88E-07 55.3 
3 2.23E-06 12.1 
4-6 0 - 
substrate +coating/42 cycles 1 1.37E-06 19.7 
2, 4-6 0 - 
3 4.03E-07 67.0 
substrate +coating/126 cycles 1* 4.33E-05 0.6 
2* 7.65E-05 0.4 
3 6.55E-06 4.1 
4 1.46E-05 1.8 
5 2.63E-06 10.3 
6 4.94E-07 54.6 
1* and 2* mechanical failure of coating, visible blisters of the material  
3.2. Water vapour permeability 
In order to find whether the deterioration of protective properties of the coatings could be attributed to changes in their 
structure, which in turn cause the increase in porosity of the coating and/or the change in its cooperation with the concrete 
substrate, the studies of the coatings were done without a substrate. The permeability to water vapour was determined and 
the equivalent air layer thickness Sd for H2O was calculated. Table 2 shows the water vapour permeability of the coating 
foils. 
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Table 2. Water vapour permeability of coating foil. 
System Sample number 
Flux density 
[kg/m2.s] 
Sd for H2O 
[m] 
Mean 
Sd for H2O[m] 
initial coating 
1 1.08E-07 4.2 
4.3 
2 1.06E-07 4.3 
3 1.26E-07 3.6 
4 9.64E-08 4.7 
5 9.26E-08 4.9 
coating/the Tatras 
1 9.26E-08 4.9 
5.0 
2 8.87E-08 5.1 
3 9.64E-08 4.7 
4 7.72E-08 5.9 
5 9.64E-08 4.7 
coating/Cracow  
1 7.72E-08 5.9 
5.4 
2 8.87E-08 5.1 
3 8.77E-08 5.1 
4 wind destruction 
5 wind destruction 
coating/42 cycles 
 
1 9.00E-08 5.0 
4.7 
2 8.49E-08 5.3 
3 1.15E-07 3.9 
4 9.64E-08 4.67 
5 - - 
coating/126 cycles 
1 1.03E-07 4.4 
2.8 
2 1.54E-07 2.9 
3* 2.58E-07 1.8 
4* 2.39E-07 1.9 
5 - - 
* visible micro-cracking of the coating 
 
The study showed that the acrylic coating had similar Sd for H2O values before and after the natural and 
artificial weathering. A slight increase in the Sd value was only observed after 126 cycles of weathering. 
Nevertheless, the permeability, which was determined using the coating foils, did not exhibit such clear changes 
after the 6-week weathering as it did in the case of the carbon dioxide permeability measured in the concrete 
substrate – coating systems. It appears that the cooperation of the coating with the mineral substrate plays a very 
important role in the behaviour of the protective material.  
 
3.3. Adherence to the concrete substrate 
 
No significant changes in adherence of the tested coatings were recorded during both the natural and artificial 
aging, and the differences did not exceed an experimental error. The adherence was in the range from 4.0 to 5.4 
MPa, so the values were much higher than required by EN 1504-9 [11]. Table 3 shows the values of adherence 
before and after weathering as well as the type of failure. 
Table 3. Adherence to concrete substrate.  
Weathering period Adherence range [MPa] Mean adherence [MPa] Type of failure 
substrate+coatings/0 cycles 4.2 – 5.4 5 
adhesive/ cohesive 
in coating 
substrate+coating/126 cycles 4.0 – 5.1 4.6 adhesive 
substrate+coating/Cracow365 days 4.4 – 5.3 4.7 cohesivein substrate 
substrate+coating/the Tatras365 days 4.0 – 5.2 4.7 cohesive in substrate 
 
3.4. SEM observations 
 
The use of a Zeiss EVO MA 10 microscope allowed us to observe changes in the coating surface after 
weathering. Fig. 3 a-f show coatings in different stages of weathering. 
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a. Initial 1000x b. the Tatras 1000x 
  
c. Cracow 1000x d. 42 cycles 1000x 
  
e. 126 cycles 1000x f. 126 cycles 4000x 
 
Fig. 3a-f SEM pictures of coatings in different stages of weathering. 
SEM pictures showed that the initial sample and the samples subjected to natural weathering in the Tatras and in 
Cracow as well as the specimens weathered in the chamber for 2 weeks were very similar in appearance, which  
was consistent with the tests of carbon dioxide permeability. No visible micro-cracks or holes were found at 1000X 
magnification. However, weathering for 126 cycles caused formation of numerous holes, which were a few 
micrometers in diameter (Fig. 3 e-f). The formation of holes of such diameters led to an increase in porosity of the 
coatings, which found its confirmation in the carbon dioxide permeability tests. 
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3.5. FT-IR analysis 
 
Fig. 4 shows a comparison of spectra of the acrylic coatings before and after weathering under different 
conditions. Fig. 4A presents the overall spectra, whereas Fig. 4 B-D show the enlarged spectra of some 
characteristic regions. 
 
Fig. 4. Spectra of the specimens before and after weathering. 
 
The changes caused by degradation are observed in the wide range of IR region. A spectral analysis was done 
for the following groups: ester, which had characteristic peaks at 1755 - 1650 cm-1 (C=O stretch) and 1300 - 1000 
cm-1 (C-O stretch); CH3/ CH2 having bands in 3000-2800 cm-1 and 1480-1300 cm-1 ranges and hydroxyl present 
around 3500-3400 cm-1 range Caykara and Guven [18], Stuart [19], Mistry [20]. In the range of 3500-3400 cm-1, 
which is distinctive for hydroxyl groups, one can observe broadening of the band after weathering. It may be 
explained by hydrolysis of some ester groups. At the same time a decrease in absorption intensities of C=O bands 
at 1800-1600cm-1occurs, which suggests decarboxylation, especially in the case of the samples weathered both in 
the mountainous region and subjected to 126 cycles in the weathering chamber. A decline in absorbance of the 
band, typical of valence vibrations of methyl groups around 2900 cm-1 as well as bands around 1470 cm-1, could 
also be explained by hydrolysis of the ester groups. This reaction could also be responsible for a decline in the 
absorbance of methoxyl groups present around 3000 cm-1. In the case of the samples weathered in Cracow, the 
amount of UV light reaching the surface of the material is lower than in the mountainous region, which is caused 
by dust gathering on the sample surface as well as the presence of nitrogen and sulphur oxides, which absorb UV 
radiation, thereby decreasing the UV amount reaching the coating. Nevertheless, weathering under the urban 
671 Aleksander Kozak /  Procedia Engineering  108 ( 2015 )  664 – 672 
conditions was probably due to UV radiation as well as to the influence of acid rains, which favoured hydrolysis of 
ester groups and made the process very complex. The confirmation of the phenomenon is a much lower intensity 
decline of the bands from 1800 to 1600 cm-1in comparison with the bands of the samples weathered both in the 
mountainous region and for 126 cycles in the chamber. 
 
4. Conclusions 
Based on the obtained test results, the following conclusions can be drawn: 
1. The currently used poorly deformable acrylic coatings undergo significant degradation when exposed to UV 
light. 
2. The described structural changes of the coatings, resulting from their hydrolysis, decarboxylation and the 
presence of free radicals, cause a decrease in their deformability. The reduction disturbs cooperation in the coating 
– substrate system, which leads to the coating cracking, especially in the case of scratched substrate.  
3. Studies show that the artificial weathering carried out according to the proposed research programme accelerates 
the weathering processes approximately 12 up to 15 times in comparison to natural conditions in a moderate 
climate. 
4. Based on FTIR analysis, it turned out that weathering of the acrylic coatings in the Tatras had a more negative 
effect on the coating durability than aging in the urban atmosphere. It can be explained by the fact that acrylic 
coatings exposed to the long-term intensive action of UV in a pollution-free atmosphere are more susceptible to 
degradation than the samples weathered in Cracow as the latter were protected by dust deposits and the presence of 
gases absorbing UV light, which limited the access of UV radiation to the coating surface. 
5. Scanning electron microscopy showed a decrease in the barrier properties resulting from the weathering 
processes and manifesting itself in the occurrence of leaks in the coating structure. The formation of micro-holes, 
which were a few micrometers in diameter, was observable after prolonged weathering (126 cycles). 
6. FTIR analysis showed that the main mechanism responsible for weathering of the studied material was 
hydrolysis of the ester group and decarboxylation of carbonyl groups present in the coating. 
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